Knotek and Rabalais developed an electron ion coincidence (EICO) apparatus combined with an electron beam in 1985, 9 but the coincidence signal was not sufficiently clear for researchers to discuss the ion desorption mechanism. After that, no EICO study was reported for a long time because of several problems such as the abundance of secondary electrons and the high probability of the recapture or neutralization of ions. In 1996, Mase and coworkers developed an EICO apparatus combined with an electron beam 10 and synchrotron radiation. 11 Synchrotron radiation is more advantageous than an electron beam because the resonant excitations are accessible and the number of secondary electrons is markedly reduced. Since then, Mase and coworkers have constructed several EICO analyzers mounted on a conflat flange with an outer diameter of 203 mm. [12] [13] [14] [15] The performance, in terms of parameters such as the energy resolution and the ratio of the coincidence peak signal to the background, has been improved at every remodeling. Recently, we have developed an analyzer that can be used for both EICO analysis and APECS. 8 EICO spectroscopy has been widely applied in studies of ion desorption from condensed molecules on surfaces such as H2O, 13, [15] [16] [17] [18] NH3, 19 CH3CN, 20 C6H6, 21 Si(CH3)4, 22 SiF3CH2CH2Si(CH3)3, 23 CH3CF3, 24 and N2O, 25 We have developed a miniature electron ion coincidence (EICO) analyzer mounted on a conflat flange with an outer diameter of 114 mm. It consists of a cylindrical mirror analyzer (CMA), a time-of-flight ion mass spectrometer (TOF-MS), a commercially available linear motion feedthrough, and a tilt adjustment mechanism. Each sample surface was irradiated by synchrotron radiation, and the energies of emitted electrons were analyzed and detected by the CMA, while desorbed ions were collected by the TOF-MS in coincidence with the electrons. The performance of the EICO analyzer was tested by measuring the Auger-electron H + photoion coincidence spectrum of condensed water at 4a1 ← O 1s resonance.
Si(111) fluorinated by XeF2, 30 H2O dissociatively chemisorbed on Si(100), 31 H2O dissociatively adsorbed on SiO2/Si(111), 28 CF3CD(OH)CH3 adsorbed on Si(100), 28, 32 CaF2(111), 33 and TiO2(110). 28, 34 The ion desorption mechanisms that have been elucidated by EICO spectroscopy so far have been described in detail in previous papers. 12, 13, 15, 28, 35 All of the EICO analyzers developed so far, however, have been mounted on a conflat flange with an outer diameter of 203 mm. Because of the relatively large size, they have mainly been mounted on apparatus dedicated to coincidence spectroscopy. In this paper, we report the development of a miniature EICO analyzer that can be mounted on a conflat flange with an outer diameter of 114 mm (CF114) and can be installed in a multipurpose ultrahigh vacuum (UHV) chamber.
Experimental
A cross section and photographs of the miniature EICO analyzer are shown in Figs. 2 and 3 , respectively. The EICO analyzer consists of a cylindrical mirror analyzer (CMA), a time-of-flight ion mass spectrometer (TOF-MS), a commercially available linear feedthrough, a tilt adjustment mechanism, and a CF114. The CMA consists of inner and outer cylinders, a pinhole with a diameter of 0.8 mm, and microchannel plates (MCPs, Hamamatsu Photonics, F4655).
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Two meshes with a thickness of 0.025 mm and a transmittance of 0.88 were spot-welded on the inner electrode for the electron path. The designed distance between the sample and the front end of the CMA is 22 mm. The acceptance polar angles of electrons from the surface normal are 24˚-28˚; 37, 38 these are smaller than the magic angle of 42˚18.5′ of a conventional CMA, at which a second-order focus is achieved. 39 The solid angle of the electron acceptance is 0.16 sr. The TOF-MS consists of an electric field shield, an ion extraction electrode, a drift tube, and MCPs (F4655). 36 The overall transmittance of the three meshes inserted perpendicular to the axis of the TOF tube is 0.46. The ion detection efficiency of the MCPs is given by the open area ratio, which is 0.60 for F4655. 36 The designed distance between the sample and the front of the TOF-MS is 9.5 mm. The parts of the CMA and TOF-MS are mainly made of nonmagnetic stainless steel 310S, inconel 600, and high-purity alumina. The EICO analyzer is covered with a magnetic shield with an outer diameter of 56.3 mm and a length of 128 mm. The shield is made of permalloy-78 plates with a thickness of 0.3 mm. Typical electron and ion trajectories from a point source are also shown in Fig. 2 on the basis of the simulation results obtained using SIMION 3D version 7.0 (http://www.simion.com/).
The performance of the EICO analyzer was evaluated in an UHV chamber with a base pressure of 1 -4 × 10 -7 Pa using the BL-13C and BL-8A beamlines of the synchrotron radiation facility at the Institute of Materials Structure Science, KEK (Photon Factory, PF). The BL-13C beamline is equipped with a soft-X-ray monochromator (typical energy resolution (E/ΔE): > 2000). 40 The gratings of 350-lines/mm and 750-lines/mm are used for hv = 130 and 532.9 eV, respectively. The BL-8A beamline is equipped with a soft-X-ray monochromator (SX-700, Zeiss, typical E/ΔE: > 1000). 41 The incidence angle of the p-polarized synchrotron radiation was 84˚ from the surface normal. The actual distance between the sample and the front of the TOF-MS was 8.84 mm. A gold mesh is placed in the path of incident synchrotron radiation to monitor the photocurrent that is proportional to the photon flux (Fig. 2 ).
An n-type Si(111) wafer with a resistivity of 0.02 Ω cm was mounted at the end of a manipulator, which can be heated to 1500 K by direct current heating and cooled down to ∼85 K using liquid nitrogen. 42 A clean Si(111)-7 × 7 was prepared by flashing at 1400 K for 3 s and cooling down slowly to room temperature. Then the Si(111) was cooled with liquid nitrogen,
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Results and Discussion
Electron energy resolution Figure 4 shows a wide-scan photoelectron spectrum of a clean Si(111)-7 × 7 at hv = 130 eV. From the Gaussian width of the Si 2p photoelectron peak fitted by a Voigt function, we estimated the electron kinetic energy resolution (E/ΔE, FWHM) of the CMA to be 21 in the kinetic energy range of 20 -150 eV. This value is poorer than that of the previous EICO analyzers mounted on a conflat flange with an outer diameter of 203 mm (E/ΔE = 80 -100) [12] [13] [14] [15] 28, 35 and comparable to that of a previous miniature CMA mounted on a conflat flange with an outer diameter of 70 mm (E/ΔE = ∼20).
37
Auger-electron yield (AEY) and total ion yield (TIY) spectra Figure 5 shows the Auger-electron yield (AEY) and total ion yield (TIY) plotted against the photon energy (AEY and TIY spectra) in the oxygen K-edge region of H2O condensed on Si(111). The AEY and TIY spectra were measured using the CMA and TOF-MS of the EICO analyzer in the same scan, and were normalized by the photocurrent measured with the gold mesh (Fig. 2) ith a 1˚ step are shown. For this simulation, the voltages of the sample, the inner cylindrical electrode of the CMA, the entrance of the MCPs for electrons, and the ion extraction electrode are 0 V, while that of the outer cylindrical electrode of the CMA is -100 V. The trajectories of ions from a point source with a kinetic energy of 2 eV for desorption polar angles of 0˚-15˚ with a 5˚ step are also shown, where the voltages of the ion extraction electrode, the ion drift electrode, and the entrance of MCPs for ions are +200, +1000, and +2000 V, respectively. Auger. Since the AEY is approximately proportional to the Xray absorption intensity (Fig. 1) , the AEY spectrum corresponds to an X-ray absorption spectrum of H2O surface layers with a thickness corresponding to the escape depth of the Augerelectron. 43 The TIY, on the other hand, is approximately proportional to the X-ray absorption intensity multiplied by the ion desorption probability of surface layers with a thickness corresponding to the escape depth of the photoion. Since the yield of ions other than H + is known to be small for condensed H2O, 44 the TIY corresponds to the H + ion yield. The intense TIY peak at hv = 532.9 eV is assigned to the 4a1 ← O 1s resonant transition of surface H2O molecules. 45 Since AEY does not show enhancement at hv = 532.9 eV, this result indicate that ion desorption probability is greatly enhanced at the 4a1 ← O 1s resonance. These AEY and TIY results agree with those reported in previous studies. 13, [15] [16] [17] [18] Auger-electron photoion coincidence (AEPICO) spectrum Figure 6 shows an Auger-electron photoion coincidence timeof-flight (AEPICO TOF) spectrum of H2O condensed on Si(111) at hv = 532.9 eV corresponding to the 4a1 ← O 1s resonance. The AEPICO TOF spectrum was measured using the EICO analyzer with a multichannel scaler triggered by the electron signal detected with the CMA at an Auger-electron kinetic energy (AeKE) of 516.5 eV (Fig. 2) . A clear coincidence peak was observed at the ion-electron TOF difference of about 301 ± 30 ns. This peak was assigned to H + on the basis of simulation results obtained using SIMION 3D. The coincidence signal peak to background (S/B) ratio in Fig. 6 is about 10. The S/B ratio is lower than that obtained using the previous EICO analyzers mounted on a conflat flange with an outer diameter of 203 mm (S/B > 50).
14 Figure 7 shows a non-derivative Auger-electron spectrum (AES) and an Auger-electron H + photoion coincidence (H + AEPICO) spectrum at hv = 532.9 eV. The AES was obtained from the Auger-electron counts measured during the AEPICO measurement using the CMA of the EICO analyzer. In the AEPICO spectrum, several peaks appear at AeKE = 456.5 -536.5 eV. The positions of the AEPICO peaks is shifted by about 5 -10 eV to the higher-AeKE side than those of the AES.
The results are consistent with those of previous reports, 13, [15] [16] [17] [18] and can be explained by the following four-step H + desorption mechanism ( Fig. 8): (1) a surface H2O molecule is excited into the (1s) -1 (4a1) 1 state by absorbing a photon at hv = 532.9 eV; (2) HO-H bond is extended within the lifetime of (1s) -1 (4a1) 1 state (about ∼4.3 fs) 46 due to the antibonding character of the 4a1 orbital (ultrafast O-H extension); (3) the H2O with extended O-H bond is relaxed into a (valence orbitals) -2 (4a1) 1 state emitting a spectator Auger electron (this process is named as a spectator Auger transition, because the excited electron does not participate in the Auger process); and (4) the H + ion is desorbed along the repulsive potential energy surface of the (valence orbitals) -2 (4a1) 1 state. 13, [15] [16] [17] [18] The enhancement of the H + yield at the 4a1 ← O 1s resonance (Fig. 5 ) was attributed to the ultrafast O-H extension in the second step. 13, [15] [16] [17] [18] The desorption probability of the H + ion is much enhanced, because the H atom in the extended O-H get away from the surface and acquires a kinetic energy in the second step (Fig. 8) . The kinetic energy of the spectator Auger electrons is known to be larger than that of the corresponding normal Auger electrons by about 5 -10 eV, because the spectator-Auger-final-state ((valence  orbitals) -2 (4a1) 1 state) is energetically more stable than the normal-Auger-final-state ((valence orbitals) -2 state). The main component of the AES is normal O KVV Auger electrons from H2O in the bulk, 15, 16 while the H + AEPICO spectrum predominantly reflects the spectator Auger process of surface H2O. 13, [15] [16] [17] [18] Thus the above four-step mechanism can explain why the position of the AEPICO peak is shifted by about 5 -10 eV to the higher-AeKE side than that of the AES.
The present AEY, TIY, and AEPICO results demonstrate that the present miniature EICO analyzer can offer sufficient information to discuss the mechanism of ion desorption stimulated by Auger processes. The H + AEPICO is also promising as a tool for probing hydrogen on surfaces. Since hydrogen has no core-holes, XPS, AES, and SAM can not be applied for analysis of surface hydrogen. H + AEPICO spectroscopy, on the other hand, can detect hydrogen bonded to a specific atom. For example, O-KVV-Auger-electron H + -photoion coincidence signal is direct evidence of the presence of the surface O-H. One fault of H + AEPICO spectroscopy may be the lack of quantitativeness, because the H + desorption probability greatly depends on the system.
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Conclusions
We have developed a miniature EICO analyzer mounted on a CF114. The features of this analyzer are as follows: 1) It can be installed in a conflat flange port with an inner diameter of > 57 mm.
2) The electron energy resolution is 21 (E/ΔE, FWHM).
3) The designed distance between the sample and the front end of the TOF-MS (work distance) is 9.5 mm. 4) It is retractable.
5) The tilt can be adjusted. 6) The maximum baking temperature is 200˚C (nonoperating). 7) It has a low cost due to the simple structure. 8) Troubleshooting is easy. 9) It offers sufficient information to discuss the mechanism of ion desorption stimulated by Auger processes. 10) It may be applied for analysis of surface hydrogen. In addition, this analyzer can be used for measurements of photoelectron spectroscopy, AES, AEY, and TIY. EICO measurements can be carried out in a laboratory if the present miniature EICO analyzer is combined with soft-X-ray or vacuum ultraviolet light sources, because it is compact and its work distance is large (9.5 mm). ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 + desorption mechanism at 4a1 ← O 1s (hv = 532.9 eV). The potential curves are drawn by hand. There must be many potential curves but the selected curves are drawn for simplification.
